Abstract-An autonomous power generator unit including two micropower sources and their management IC has been fabricated: a RF power receiver and a 1 V miniature thermogenerator combined with a micropower DC/DC up-converter are combined with a 78% efficiency manager and charger, and a 5 nW discharge monitor to manage and store the harvested energy in a 30 mm 2 above-IC deposited microbattery.
I. INTRODUCTION
A UTONOMOUS devices that are self-powered over a full lifetime, by extracting their energy from the environment, are crucial for many applications. For ambient intelligence, autonomous sensors and actuators are abandoned all over the house. Concerning active security in smart cards, embedded energy sources will enable attacks to be detected and countermeasures to be taken, making transactions more secure. Another example concerns monitoring purposes, e.g., in the refrigeration chain for which permanent monitoring is necessary and requires temperature measurement at all stages of the product life. In such devices and applications, as the energy availability and power dissipation are not constant over time, energy management becomes a key function and determines the information processing potential. Moreover, average power and energy consumption are required to be low. All these challenging constraints have been taken into account to develop an autonomous system enabling thermal energy harvesting and power storage in the microwatt range.
II. MICROSYSTEM ARCHITECTURE
The microsystem architecture, illustrated in Fig. 1 , is comprised of two power sources, RF and thermoelectric, a microbattery used as storage unit, and integrated circuits to transform and manage the harvested energy and interface the microbattery. Both sources are managed by the ICs: the microbattery being charged either using thermal energy harvested by the thermogenerator associated with the DC/DC converter or using external RF power converted by the RF converter. The state of charge of the storage device is monitored periodically.
III. THERMOGENERATOR TECHNOLOGY AND TRENDS
The emerging ultra-low-power communication platform has led to a new interest in power sources for wireless sensor networks. As the size and cost of these wireless sensors continue to decrease, we can expect them to become widespread in many environments such as buildings, automobiles, aircraft, and fabrics. Today almost all of these platforms are powered by batteries that have a very limited lifetime. If wireless sensor networks become ubiquitous, replacing batteries in every device every year or two is simply cost-prohibitive, whereas thermoelectric power generators provide fully autonomous sensors without any human intervention during their lifetime.
Thermoelectric conversion exploits the thermal energy carried by charges (electron and holes). A thermocouple is one example of a temperature difference being able to generate electrical power directly. A conventional thermoelectric converter consists of a series of thermocouples electrically connected in series and thermally connected in parallel (Fig. 2) . The maximum power conversion efficiency from a temperature difference is equal to the Carnot efficiency but current thermoelectric generator performance has lagged far behind. The theoretical efficiency of a thermoelectric cooler or power generator depends directly on the dimensionless figure-of-merit of materials, where is the Seebeck coefficient, is the electrical conductivity, is the thermal conductivity, and is the absolute temperature. In 0018-9200/$25.00 © 2008 IEEE the thermoelectric process, scattering continuously interrupts electron motion, and such diffusive charge carrier transport cannot produce a large figure-of-merit value . The thermal microgenerator illustrated in Fig. 3 is based on sintered bismuth telluride powder thermoelements [1] . Its electrical power and Seebeck voltage versus temperature gradient are shown in Fig. 4 . This thermal microgenerator has an output power of 4 W/cm per degree C, a 90 series resistance and generates 1 V for a temperature difference of 60 C.
To further improve the device efficiency, new mechanisms and new structures are then required. Nanostructured thermoelectric materials offer a great advisability to increase the coefficient and result in a conversion efficiency close to 15%. In this paper, three approaches are proposed. The first uses the effects of quantum confinement to modify the densities of state of the electrons at or close to the Fermi level. Hicks and Dresselhaus [2] proposed to exploit this phenomenon in nanostructures to increase the coefficient. Theoretical studies have shown that could be several times higher in "quantum wheel" nanostructures (Fig. 5, [3] ) compared with the of bulk material. Nanowires have also been proposed to increase the coefficient thanks to a more important confinement of the electrons in this nanostructure. The second approach uses the "thermo-ionic" effects in heterostructures. This third approach uses the nanometric scale of nanostructures to decrease thermal conduction without modifying the electric conduction of materials. Very recently, various teams [4] described nanostructures containing networks of nanometric aggregates. A coefficient of 2 at ambient temperature was thus measured. These experimental results lead to a great improvement of current performances.
Nanomaterial for thermoelectric technology is promising to be a disruptive technology. These new materials will lead to new high-performance thermoelectric microdevices for power generation systems.
IV. MICROBATTERY TECHNOLOGY, CHARACTERISTICS, AND MODELING

A. Thin-Film Solid-State Battery Development
The thin-film solid-state battery is realized by physical vapor deposition techniques (PVD) such as sputtering and thermal evaporation (Fig. 6 ) [5] .
1) The first metallic coating achieved by DC magnetron sputtering acts as electrical collector. In our case, titanium with a 200 nm thickness was used. Even if its electric conductivity is not the highest for metallic elements, it is stable as regards other layers of the battery. Moreover, due to its low thickness, its contribution to the overall resistance of the microbattery is low. 2) The second layer based on TiO S is deposited by RF magnetron sputtering of a titanium target in a H S reactive environment to serve as positive electrode. The material obtained is amorphous. Such a morphology is of great interest to allow a great number of charge/discharge cycles without any modification and ageing of the structure. Depending on the thickness of this layer, the capacity of the battery can be modified. In this work, a thickness of 1.5 m was used which enables both a satisfactory capacity and an ability to deliver high current densities to be obtained. 3) A lithiated glass coating achieved by RF sputtering overlaps the previous layer and constitutes the solid electrolyte. This glass is obtained by sputtering of a borated Li PO target. Such a material exhibits a high ionic conductivity (in the 10 S/cm range), a low stress ( 100 MPa) and a good stability in air atmosphere. 4) Finally, a lithium layer deposited by thermal evaporation serves as negative electrode. Its thickness is about 3 m. Superposition of the different active layers enables an active electrochemical cell about 10 m thick to be achieved.
All the layers of the microbattery are obtained at low temperature (i.e., below 200 C). Such a characteristic is very important since it enables the battery to be deposited directly on an integrated circuit or on a polymer substrate such as Kapton for instance.
Such a power source operates between 3 V and 1 V (Fig. 7) . It offers an energy density of about 100 Ah/cm and can deliver up to 3 mA/cm (30 C in Fig. 8 , C being the 1 hour charge or discharge rate). Moreover, this kind of system exhibits high cyclability (thousands of cycles without capacity loss) and is very electrochemically stable (no self-discharge).
Since lithium is very sensitive to moisture, the battery has to be protected under ambient air by a very efficient barrier. A specific thin film barrier has been developed. It consists in a multi-layer system with an overall thickness of less than 6 m. The whole process is carried out at low temperature 60 C to avoid any degradation of the lithium layer. The different layers form an alternation of polymer layers (obtained by PECVD techniques, based on SiO C layers) and metallic layers (obtained by PVD techniques). Specific attention is paid to obtaining a low-stressed multi-layer system.
Such an encapsulation was characterized from a barrier point of a view by a specific test consisting in depositing metallic lithium on a wafer, followed by encapsulation being performed and the whole system then being submitted to severe humidity conditions (85 C, 85% humidity content). The system is then periodically weighed to detect any oxidation of the lithium. Lithium encapsulated with our multilayer system presents no mass increase up to more than 60 hours in these conditions (Fig. 9) .
TiOS/Lipon/Li microbattery with its specific thin-film encapsulation is thus obtained by a process perfectly compatible with deposition on an IC (low-temperature, thin film deposition techniques). Realization of such a power storage device on an IC was performed (Fig. 10) .
As the surface of the microbattery was small (less than 25 mm ), specification attention was paid to precise positioning of the shadow masks that allow patterning of each layer. Masks (and a specific piece to place both the substrate and the masks) were made in silicon in order to obtain a very good flatness and the same thermal expansion coefficient between mask and substrate. The complete system is shown in Fig. 11 .
If the temperature of the microbattery process is low and does not lead to degradation of the battery, another requirement must also be met: lithium must not diffuse in the IC. This characteristic is obtained thanks to a nitride barrier layer which is deposited on top of the IC, i.e., between the IC and the active layers of the battery. This barrier layer is open in two specific areas to obtain electric contacts (positive and negative) between the IC and the battery. The contact material is the material referred to previously as current collector (titanium). Due to this configuration, lithium is never in contact with the active part of the IC. Thus, no diffusion and contamination of the IC by lithium has been observed.
B. Thin-Film Solid-State Battery Electrical Model
For design purposes, a microbattery electrical model (Fig. 12 ) was derived from microbattery characterization results [the microbattery voltage versus its state of charge, Fig. 13(a) , and the microbattery impedance, shown for various microbattery states of charge in Fig. 13(b) ]. The voltage-dependent generator generating the microbattery voltage is based on a table. The model has two outputs reproducing the battery state of charge and the voltage across the battery.
Use of this model leads to simulation results such as represented in Fig. 14 , where the battery state of charge and voltage evolution during a 25 A constant-current battery charge are given. This electrical model was used to carry out the charge controller electrical simulations.
V. CIRCUIT BUILDING BLOCKS
A. Thermal DC/DC Converter
A micropower up-converter switching power supply is used to convert the available power from the thermogenerator into a regulated power supply. As shown in Fig. 15 , the raw input power is processed, as specified by the control input, by a power switch followed by an external L-C power filter, yielding the conditioned output power. The control system varies the switch duty cycle to cause the output voltage to follow a given reference. Therefore, the difference between one part of the boost filter output voltage and a voltage setpoint (SP) is amplified, then modulated into pulse density information and shifted to a higher voltage level for control of the MOS power switch. A sub-1-V bandgap voltage [6] is used as voltage reference (570 mV). The error amplifier is comprised of a 50 dB gain operational transconductance amplifier (OTA) and a buffer. The innovative pulse density modulation (PDM) is based on an asynchronous passive modulator (Fig. 16 ) instead of the traditional PWM controller for simplicity of implementation (two RC filters and three inverters), very low power consumption (1 W) and spectral spread of the switch noise. A low-voltage, high-performance charge pump (Fig. 17) , composed of one clock booster and two voltage doubler stages [7] , is used to increase the PDM signal voltage four-fold. This high voltage level decreases the power MOS equivalent on resistance, decreasing the dissipated power, and also allows us to choose a smaller width for this switched MOS, decreasing the die area. Choosing a 50 m width MOS associated to the charge pump switched at 4.6 V and 500 kHz instead of a 200 times larger MOS switched at 1 V and 500 kHz leads to a gain of 2 in power with an equivalent area.
B. RF Converter
The RF converter (Fig. 18 ) is composed of a limiter, a rectifier and a control loop to provide a stabilized DC output. In standard 13.56 MHz RFID applications, RF power and conversion efficiency depend on the distance between the RF source and the IC; the input RF power is much greater than the required power and the superfluous current is diverted through ballast MOS.
C. Microbattery State of Charge Monitor
In order to ensure permanent monitoring, the microbattery state-of-charge monitor is supplied by the above-IC deposited microbattery itself. Therefore, since the available capacity provided by these on-chip batteries is in the 100 Ah/cm range, all levels of monitor development (from architecture to design) are made to achieve an ultra-low-power monitor [8] , [9] , the aim being longer battery operation and preservation of energy for the application. The state-of-charge monitor must also be resistant to supply voltage variations (1.6 V to 2.8 V) to be compatible with the microbattery. The microbattery is considered discharged if its voltage is lower than 1.6 V 0.1 V. The state-of-charge monitor (Fig. 19) compares this voltage to a reference voltage and sets the digital soc flag to "low" level when the micro-battery is discharged. To achieve ultra low power consumption, the comparator is periodically activated, only for one second every hour and a half. This sampling rate is sufficient since the microbattery lasts for about one year for the envisaged low duty-cycle applications. The comparator can be seen in Fig. 19 , as well as the circuit which generates the comparator activation signal (composed of a current reference, an oscillator, and a signal shaping block including a Schmitt trigger, a frequency 2 divider and sequencing logic), and a last circuit which just holds the comparator output value when the comparator is disabled.
D. Power Supply Manager and Battery Charger
The microbattery can be charged by the thermogenerator's DC/DC output or by the RF converter. Therefore, the power supply manager, comprising a specific unit along with an asynchronous finite state machine, manages priority between the two sources when they are simultaneously present and activates self-powered microbattery protection in the case of external power source interruption. More precisely (Fig. 20) , the power supply manager generates an internal power supply Vdd from the two external sources. This Vdd supply is used by the microbattery charge controller to provide a constant current for a 20 mn microbattery charge. The power supply manager also creates an internal power supply Vmax defined instantaneously by the maximum voltage between Vdd and Vbat, the battery voltage. Consequently, this power supply Vmax is permanent while using as little power as possible from the battery: it is used to activate microbattery protection against untimely discharge in case of external power source interruption.
VI. EXPERIMENTAL RESULTS
A. Thermal DC/DC Converter
The DC/DC converter for the thermogenerator is implemented in a traditional 0.35 m CMOS process and occupies a core area of 0.5 mm excluding external passive devices (Fig. 21) . Measurement results for a 1 V thermogenerator power source indicate a total power consumption of 70 W with a 1 V supply voltage, including clock generation, charge pump, modulator, error amplifier, bandgap reference and I/O pads ( Table I ). The bandgap reference presents a voltage variation of 104 ppm/ C in a [ 40, 160] C temperature range. The output voltage can be regulated within a 2.5 V range from 1.75 V to 4.3 V, after a 1 ms start-up time. Fig. 22 shows DC/DC converter block maximum output current and efficiency at maximum output current versus output voltage levels. Higher efficiency is obtained for a 1.75 V output and maximum output power is obtained at an output voltage of 2.25 V. The efficiency factor can be strongly enhanced by reducing losses in the ring oscillator, in the power filter (especially in the diode), and in the clock booster (changing the polysilicon capacitors into metal-to-metal capacitors would lower the stray capacitance to ground). Fig. 23(a) illustrates an IC containing a RF converter, the power supply manager and the microbattery charger and state-of-charge monitor, fabricated in 0.18 m CMOS with a 30 mm microbattery deposited on the surface. This battery capacity is 30 Ah/cm . Fig. 23(b) is a photograph of the same power management circuit but without the above-IC deposited microbattery (with the passivation layer needed for the microbattery deposition). The via which will connect the microbattery directly to the circuit can be seen. This direct connection could be very useful for smart card security enhancement.
B. Microbattery State of Charge Monitor
The system test bench used to carry out all the tests (Fig. 24 ) is composed of a RF field emission and RF energy ISO antenna, a system test card with the ASIC and above-IC deposited microbattery, the thermal source and associated DC/DC converter, and a data acquisition and viewing system.
The overall consumption of the battery-powered state-ofcharge monitor is less than 5 nW (3.3 nW for sequencing, 1.3 nW for sampled comparison, as detailed in Table I ). These results are confirmed by system level tests with above-IC microbattery powered ASICs, showing furthermore that the microbattery process does not affect ASIC performance. For these system-level tests, the microbattery is discharged by a volatile memory in a data retention mode (Fig. 25) . Consequently, the microbattery voltage decreases. The monitor comparator is activated each time the Actb signal is low and on the third activation, the microbattery voltage has reached 1.5 V so that the comparator output falls to zero, indicating that the microbattery is discharged. A 78% efficient power supply management and microbattery charge unit is obtained with a 27 A charge current and a 12 pA standby current consumption from the microbattery (for permanently supplied protection). The results of tests at system level are shown in Fig. 26 : when the battery voltage (in bold) falls below 2.4 V, and if an external supply is connected, the charger starts providing a 27 A current until the battery voltage reaches 2.75 V. The microbattery voltage reverts to an equilibrium value after the end of charge. When next activated, the monitor soc flag indicates that the battery is charged.
VII. CONCLUSION
In order to achieve thermal energy harvesting and storage, a micropower DC/DC up-converter and a controller chipset was designed and tested. A fully autonomous microsystem allowing thermal energy harvesting, power monitoring in the nW range, and power storage in the W range was thereby achieved.
The next step of this project is to design a single-chip compact architecture of this autonomous microsystem and finally to validate this concept for two kinds of application: monitoring (by designing this system together with autonomous wireless and self-powered sensors dedicated to monitoring), and smart card security. In 1990, he joined the CEA-LETI Laboratory in the Center for Innovation in Micro and Nanotechnology (MINATEC), Grenoble, France. He was involved in the design of readout integrated circuits for infrared focal plane array into military or space applications or for X-ray medical sensors. In 2002, he moved to the Microsystems Interface Applications where he is in charge of development of the electronic and system interface for microbattery power management application, MEMS gyrometer sensors and NEMS accelerometer sensors. He has published more than 25 papers and holds nine patents in the fields of pixel and array architecture and of sensor interface architecture. She joined the CEA-LETI Laboratory in the Center for Innovation in Micro and Nanotechnology (MI-NATEC), Grenoble, France, where she was involved in the modeling and design of energy scavenging microsystems. Since 2006, she has been involved in the design of digital cinema environment.
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